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One of the most important services provided by forests is the control of erosion. We investigated the
value of forest cover in protecting water quality in five urban lakes around Prescott, AZ. We first esti-
mated the role of forest cover in regulating sediment loadings into each lake via a sediment delivery
model. We then used 8301 single-family residential property transactions that occurred between
2002 and 2005 in Prescott, AZ, to estimate a hedonic price function. This yielded an estimate of the
marginal willingness-to-pay (MWTP) for avoiding 1 t of sediment per lake-acre, from which we were
able to infer the marginal willingness to pay for the erosion control services associated with a 10%
change in current canopy cover. We found that the marginal value of the erosion control services of
forest cover varies widely across the watersheds depending on the accessibility of affected lakes, the
current level of canopy cover, and the number and value of affected residential properties among
other factors.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Study Background

Since publication of the Millennium Ecosystem Assessment, it
is also widely recognized that public lands have a critical role to
play in supplying regulating services such as climate regulation
through carbon sequestration, pollution buffering, flood mitiga-
tion, fire and disease regulation, and the control of soil erosion
(Millennium Ecosystem Assessment, 2005). While markets exist
for some of these services, recreation for example, most are not
transacted in the market and so are not priced. Given this, a
recent report by the President's Council of Advisors on Science
and Technology (PCAST) recommended the adoption of an
ecosystem service-based strategy for managing public lands and,
to support this, the development of the methods required to
establish the value of those services (President's Council of
nit@asu.edu (S. Simonit),
.P. Kinzig),
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Advisors on Science and Technology, 2011).2 The report noted
that if it is not possible to determine the contribution of particu-
lar ecosystem service flows to human wellbeing, then it is also
not possible to manage those flows efficiently.

In this paper, we consider the value of one of the regulating
services generated by public lands that benefits private individuals,
households and corporations. In particular, we consider a service
whose benefits are capitalized into the value of private assets: the
control of soil erosion by forest cover in watersheds. While there
are many such services provided by public lands, few have been
formally evaluated. Yet, understanding the value of the ecosystem
services supplied by public lands is crucial to the efficiency of their
management.

1.2. Literature Review

Most existing studies of the value of non-marketed ecosystem
services from public lands have used stated preference (discrete
2 Specifically, the PCAST report recommended that: “Federal agencies with responsibil-
ities relating to ecosystems and their services (e.g., EPA, NOAA, DOI, USDA) should be
tasked with using best available techniques to develop valuations for the ecosystem ser-
vices affected by their decision-making and factoring the results into analyses that inform
their major planning and management decisions.”
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3 Physical resources relate to non-living, ecosystem components such as climate,
airsheds, andwatersheds. Biological resources relate to living, growing things such as veg-
etation and aquatic and terrestrial wildlife. Social/economic resources include recreation
and transportation opportunities and cultural characteristics of communities such as
ranching, scenic beauty, and open space (Forest Service, 2012; Draft Land and Resource
Management Plan for the Prescott National Forest, Prescott, AZ).

4 For instance, in the description of desirable condition for the Ponderosa Pine–Gamble
Oak PNVT, landscape scale descriptions specifies that forest land should be separated from
open space, while fine scale description identifies that some of the groups of tree between
open space should be formed in tight clumps with interlocking tree crowns (Forest Ser-
vice, 2012).
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choice) methods designed to get people to express their willingness
to pay for some ecosystem service, or their willingness to accept to
compensation for forgoing some ecosystem service. Stated prefer-
ence methods have, for example, been applied to the valuation of
water quality (Beharry-Borg and Scarpa, 2010; Kosenius, 2010),
open space and landscape (Hanley et al., 1998; Huber et al., 2011),
recreation (Hanley et al., 2002), and habitat (Christie et al., 2006).
Our approach belongs to a different class of valuation methods — those
designed to recover peoples' willingness to pay/accept from observed
transactions in markets that are related to the non-marketed ecosystem
services in some way. The most long-standing of revealed preference
methods, the travel costmethod, has been used to assess the recreational
value of public lands for several decades (Clawson and Knetsch, 1966),
whether in isolation or in combination with hedonic methods
(Adamowicz et al., 1994; Englin and Mendelsohn, 1991). Hedonic price
methods have also been applied to the valuation of neighborhood attri-
butes including forest cover (Mansfield et al., 2005; Sander and Haight,
2012; Sander et al., 2010), air quality (Anselin and Lozano-Gracia, 2008;
Smith and Huang, 1995; Zabel and Kiel, 2000), access to parks (Salazar
and Menendez, 2007; Troy and Grove, 2008), noise pollution (Clark,
2006), and exposure to hazardous waste (Deaton and Hoehn, 2004;
Greenstone and Gallagher, 2000). More relevant to our analysis are the
studies that have applied hedonicmethods to the valuation of lakes, wet-
lands and water quality (Boyer and Polasky, 2004; Brown and
Pollakowski, 1977; Doss and Taff, 1996; Espey et al., 2007; Kruse and
Ahmann, 2009; Leggett and Bockstael, 2000; Lewis and Acharya, 2006).

Previous hedonic studies of lake water quality have shown that
the amenity values associated with lake quality are reflected in
lake-front residential property prices. One body of research has
found that the proximity to lakes, access to lake recreation and the
quality of the lake's overall scenic beauty all increase property values
(Brown and Pollakowski, 1977; Espey et al., 2007; Kruse and
Ahmann, 2009; Landford and Jones, 1995; Seiler et al., 2001). How-
ever, this does depend on lake quality. Lewis and Acharya (2006),
for example, found that proximity to lakes of poor water quality
decreases nearby property prices. Another body of research has
explored the impact of water quality improvements by looking at
lake water quality measures such as sedimentation loadings
(Bejranonda et al., 1999), fecal coliform (Legget and Bockstael,
2000), and water clarity (Michael et al., 1996).

There are, however, no studies of the land use drivers behind lake
water quality, nor are there studies of the derived value of watershed
management practices that affect lake water quality. To address the
challenge posed in the PCAST report on ecosystem services referred to
earlier, we extend the literature by connecting a spatially explicit sedi-
ment delivery model to a hedonic water quality model. This enables
us to derive the value of sediment control functions of forest cover in
the watersheds around lakes. Information of this kind is needed if wa-
tershed managers are to take due account of this service in their deci-
sions. Since downstream residents are the primary beneficiaries of
improved water quality, the same informationmay be useful in design-
ing payment systems that allow residential property owners to secure
upstream forest conservation.

The primary contribution of the paper is thus to estimate the value of
the sediment control functions of forested public land (a change in
canopy cover) in the watersheds associated with five major lakes
around Prescott, AZ. The novelty of the approach lies in the fact that it
links the recreational and amenity value of lakes to regulating service
generated by forest cover elsewhere in the watershed. We ignore
other ecosystem services supplied by forested watersheds, so this is
not an attempt to estimate the full value of a marginal change in forest
cover. Rather it is an attempt to show how established non-market val-
uationmethodsmay be used to estimate the value of one important ex-
ternality of public lands. By integrating hedonic pricing models with
sediment delivery models that connect lake quality to land use/land
cover (LULC) change across the lake basins, we are able to estimate
the capitalized value of sediment control functions to the scenic value
of lakes.We hypothesize that the off-site effects of canopy cover change
on lake quality are reflected in the value of residential properties with
lake access. To the best of our knowledge, there are no previous
attempts to use hedonic pricemethods to estimate the off-site sediment
control effects of land cover change in watersheds.

The paper is organized as follows. Section 2 describes the study area
and the forest management regime in that area. Section 3 presents the
sediment delivery and hedonic price models that were estimated in
this study. This is followed by presentation and discussion of results
and in Section 4. A final section offers our Conclusions.
2. Lake and Forest Management in the Study Area

Our study area comprises the Prescott metropolitan area in central
Arizona and thewatersheds aroundfive lake basins in that area (Granite
Basin Lake,Willow Creek Reservoir, Watson Lake, Lynx Lake, and Upper
Goldwater Lake). Prescott lie in Yavapai County, which has a total area
of 8123 mile2 and an average population density of 26 per square mile
(Census, 2010). As of 2010, it had a population of 211,033, with median
household income of $43,290. The total number of housing units was
111,093 between 2006 and 2010, and the home ownership rate was
about 75%.

The five selected lakes in our study provide a range of benefits to
the residents of Prescott. Willow Creek Reservoir and Watson Lake
lie in northeastern Prescott, at the southern end of the scenic Gran-
ite Dells area. The city of Prescott purchased the lakes in 1998 both
to serve the city's water supply needs, and for recreation. Goldwa-
ter Lake is located in southern Prescott, within Prescott National
Forest. It provides a variety of recreational opportunities including
kayaking and canoeing. Lynx Lake, located a few miles southeast of
Prescott, is also within Prescott National Forest. It is smaller than
Willow and Watson Lakes, but it attracts around 125,000 visitors
annually. Finally, Granite Basin Lake is a man-made lake, located
in Prescott National Forest adjacent to the Granite Mountain Wil-
derness Area. It is the smallest of the five lakes.

Each of the five lakes is either adjacent to or in Prescott National
Forest, one of six national forests in Arizona. The Prescott National
Forest, comprising about 1.25 million acres, is managed and admin-
istered by the United States Forest Service under Prescott National
Forest Land and Resource Management Plan. The management
plan identifies desirable conditions for three different elements:
physical, biological, and social/economic resources3 (Forest Service,
2012). In some cases, a desirable condition matches current condi-
tions, in other cases it does not. Desirable conditions are described
at three scales: the landscape scale (10,000 acres or greater), mid-
scale (1000 acres or greater), and fine scale (less than 100 acres).4

The existing plan does not explicitly include the regulation of sediment
delivery among the set of desirable conditions at any of these scales.
Forests are, however, known to protect landscapes against soil erosion
and landslides, preventing the consequences of flooding and maintain-
ing water quality for downstream water users (Millennium Ecosystem
Assessment, 2005). In the Prescott area, the protection of water quality
for downstream users includes the regulation of the sediment burden



Table 1
Assigned C-factors to NLCD categories.

NLCD Land cover type C-factor

11 Water 0.000
21 Developed, open space 0.003
22 Developed, low intensity 0.001
23 Developed, medium intensity 0.001
24 Developed, high intensity 0.000
31 Barren land 0.700
42 Evergreen forest 0.0001
52 Shrub/scrub 0.038
71 Grassland/herbaceous 0.042
81 Pasture/ray 0.100
82 Cultivated crop 0.240
90 Woody wetland 0.003
95 Herbaceous wetlands 0.003
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to the city lakes. Since sediments are also known to make lakes less de-
sirable for boating, fishing, swimming, and scenic beauty (Bejranonda
et al., 1999), we expect differences in water quality in the lakes to be
reflected in differences in residential property prices, other things being
equal. We also expect that an understanding of the capitalized value of
the sediment control functions of the forest can usefully inform forest
management.

3. Methodology

We estimated the value of changes in forest cover affecting the ame-
nity value of lake water quality using the hedonic price method. We
approached the problem in stages.We first developed a spatially explic-
it model of sediment flows as a function of watershed forest cover. We
then estimated the capitalized value of lakewater quality using hedonic
pricing methods. Finally, we derived the implicit willingness to pay for
the sediment control functions of forests in the upstream contributing
area of each lake.

3.1. Sediment Delivery Model

Modeling the LULC-driven sedimentation processes requires several
steps. First, we modeled the impact of land cover on on-site soil erosion
given a set of landscape variables (i.e. precipitation, slope and soil char-
acteristics). Then, we estimated the percentage of the eroded soil
reaching the stream network, and thus the lakes, using a sediment de-
livery approach. Erosion was modeled using the Universal Soil Loss
Equation (USLE) (Wischmeier and Smith, 1978):

Ax ¼ RxKxLSxCxPx ð1Þ

where Ax expresses soil loss (t ha−1 yr−1) for the x pixel; Rx represents
rain erosivity (MJ mm−1/ha h−1 yr−1);Kx is ameasure of soil erodibility
(t ha−1 h−1/ha MJ−1 mm−1); LSx is the slope length and steepness
combined in a single index; Cx is an index of land cover practice; and Px
represents soil conservation (if none is applied Px = 1). The spatial distri-
bution of the rain erosivity index was determined from rainfall data by a
30 arcsec mean annual precipitation raster for the period 2000–2005
(PRISM Climate Group) and following Renard and Freimund's (1994)
estimated relationships between mean annual precipitation and rain
erosivity.

Soil erodibility valueswere taken from the 1:250,000-scale U.S. Gen-
eral Soil Map STATSGO Database. The length-slope factor was obtained
using the Upslope Contributing Area approach (Mitasova et al., 1996;
Moore and Burch, 1986) applying a maximum slope length threshold
of 300 m (McCool et al., 1997) to appropriately represent the inter-rill
and rill erosion processes. The values for the land cover factor (C)
were based on reference tables (Wischmeier and Smith, 1978) applied
to the spatial distribution of land cover types provided by the 2001 Na-
tional Land Cover Database (NLCD). For Shrubland, Grassland and Pas-
ture, a classification scheme was applied (Wischmeier and Smith,
1978: Tab.10, pag.32), based on four sub-factors: the vegetative canopy
type and height, the vegetative canopy percent cover, the type of cover
that contacts the soil surface, and the percent ground cover. The vegeta-
tive type for Shrub/scrub was assumed as “Tall weeds or short brush
with average drop fall height of 20 in., with 25% canopy cover and
60% grass ground cover”; for Grassland/herbaceous and Pasture/hay,
we assume 60% and 40% grass ground cover respectively. For forest-
land, wemeasured the spatial variation in canopy cover by overlapping
the 2001 canopy covermap at 30 m resolution and the forest area iden-
tified by the 2001 NLCD. Assuming that the area not covered by canopy
in each forest pixel was represented by grasslands we then applied the
following function for the estimation of the land cover factor for forest:

Cx;forest ¼ Cx;NLCD¼42 þ 1−βxð ÞCx;NLCD¼71 ð2Þ
where 0 ≤ βx ≤ 1 defines the percent canopy cover of the xth forest
pixel and where subscript NLCD = 42, 71 refers to the National Land
Cover Dataset index for forest and scrubland respectively, as reported
in Table 1. It is acknowledged that land cover is variable within and
across watersheds, and changes seasonally. The C-factors used for the
model were intended to represent typical annual conditions at a coarse
scale, shown in Table 1.

Applying Eq. (1), we obtained the spatial distribution of soil ero-
sion. In relatively large watersheds, most sediment gets deposited
within the watershed and only a fraction of soil that is eroded
from hill slopes reaches the stream system or watershed outlet.
This fraction or portion of sediment that is available for delivery is
referred to as the Sediment Delivery Ratio (SDR). This ratio was
then multiplied by the predicted erosion rate to estimate the per-
cent of eroded material/sediment/pollutant reaching the water-
shed outlet. We adopted the SEDD model proposed by Ferro and
Minacapilli (1995), which assumes that the transport capacity of
stream flows is not a limiting factor and considers each pixel as a
morphological unit. The SDRx, the fraction of the gross soil loss
from pixel x that actually reaches a continuous stream system,
was estimated as a function of run-off travel time (Ferro and
Minacapilli, 1995), calculated by adding the travel time for all the
pixels located along the flow path (Jain and Kothyari, 2000). Fol-
lowing this approach we estimated the spatial distribution of the
SDR using a digital elevation model (DEM) raster. Multiplying this
ratio by the predicted soil erosion we obtained the sediment yield
from location x arriving at the lake at the outlet of the basin.

3.2. Hedonic Price Method

We then used the hedonic price method to explore the impact of
sediment loading to the lakes on the price of neighboring residen-
tial properties. We suppose both that the value of LULC change
varies across lake basins and sediment loading, and that it can be
recovered from residential property transactions within a given
distance of the lakes. Residential properties consist of a bundle of
attributes described by a vector of characteristics, z, that includes:
[A] structural characteristics such as age of property, lot size and
square footage of living area; [B] locational characteristics such as
proximity to lake and major highway; [C] neighborhood character-
istics including surrounding land uses; and [D] environmental
characteristics such as sediment loads. A hedonic price function,
P(z), refers to the market equilibrium price schedule that varies
with the changes of z, holding all the levels of other characteristics
constant. This schedule is determined by the demand and supply of
the houses in the real estate market, and is expressed as a function
of characteristics or attributes of property

P zð Þ ¼ P z1;…; znð Þ: ð3Þ



Table 2
Estimated sediment loading (source: author's calculation in GIS).

Lake name Lake area Sediment loading Sedimentation/lake acre
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The coefficients of the estimated Eq. (3) define the marginal
willingness to pay for the attributes of the property.

The selection of the functional form for the hedonic price function has
been a controversial issue. Palmquist (1991) and others suggest that eco-
nomic theory generally does not provide any guidance for specifying the
appropriate functional form for the hedonic price function (Faux and
Perry, 1999). A recent study (Kuminoff et al., 2010) shows thatmoreflex-
ible specification such as Box–Cox model outperforms the simpler semi-
log model, however, we selected the semi-log functional form given the
interpretability of itsmarginal effects, and given the evidence that simple
functional forms tends to outperform more complex specifications in
recovering the marginal implicit price in the presence of model
misspecification (Abbott and Klaiber, 2010; Cropper et al., 1988). The
simplest OLS semi-log function is expressed as:

LogP ¼ b0 þ
X

bkLk þ
X

blDl þ
X

bmEm þ ε ð4Þ

where P is represented by a vector of residential property prices, and Lk is
amatrix of structural characteristics,Dl is thematrix of location character-
istics, and Em is amatrix of environmental characteristics. b0, bk, bl, and bm,
are the estimated parameters associated with constant, structural,
locational, and environmental characteristics, and ε represents the unob-
served error terms.

The simplest OLS semi-log model produces unbiased and efficient
estimators if there exists no spatial autocorrelation in unobserved
error terms or neighboring property prices. However, it has been recog-
nized that the influence of location and spatial dependency on house
prices are prevalent in housing sales data. For example, a house that is
surrounded by expensive neighboring houses is worth more than the
same house that is surrounded by cheaper house. Failure to correct for
spatial autocorrelation in unobserved error terms or neighboring prop-
erty prices has unpleasant implications from an econometric perspec-
tive. OLS still produces unbiased estimators in the presence of spatial
autocorrelation in the error terms, but at the cost of efficiency (Kim
et al., 2003). When ignoring the influence of neighboring house prices,
OLS estimators are biased and inconsistent.

The spatial lag model (SLM) assumes that neighboring housing
prices partially explain local housing price (Kim et al., 2003). It can be
written as follows:

Y ¼ ρWY þ Xβ þ ε ð5Þ

where ρ is a lag parameter for neighboring property prices, and W is an
n × n spatial weights5 matrix. There are several methods used to con-
struct W (Anselin, 1988b; Le Sage and Pace, 2009), but the most widely
and conventionally used method is a row-standardized weights matrix.6

The underlying assumption of the spatial error model (SEM) is that
property price generation is influenced by omitted variables or
measurement errors that affect neighboring observations as well, so
that errors are spatially correlated. The model is expressed:

Y ¼ Xβ þ ε; and ε ¼ γWεþ u; u∼iid 0;σ2
u

� �
ð6Þ

where γ is an autoregressive parameter, and u is a n × 1 vector of iid
errors with zero mean and variance of σu

2. Both SLM and SEM were
estimated via maximum likelihood methods.

We estimatedmarginal willingness to pay for the attributes of the ith
lake from the sub-set of properties having that lake as the nearest water
body. Such properties could or could not be located within the lake's wa-
tershed. Specifically,marginalwillingness-to-pay (willingness-to-accept)
5 A row-standardized spatial weights matrix has row sums of unity with zero diagonal
values because a housing unit cannot be a neighbor of itself. Off-diagonal values take the
value between 0 and 1when the jth observation is locatedwithin cut-off distanceDmeter.

6 A row-standardized spatial weights matrix has row sums of unity with zero diagonal
values, because a housing unit cannot be a neighbor of itself. Off-diagonal values take the
value between 0 and 1when the jth observation is locatedwithin cut-off distanceDmeter.
for amarginal decrease (increase) of 1 t of sediment loading per lake acre
for OLS, SLM, and SEMmodels was calculated as follows:

MWTPi ¼ βsedimentationPi ð7Þ

(OLS and SEMmodels)

MWTPi ¼ βsedimentationPi
1

1−σ

� �

ðSLM modelÞ
ð8Þ

where σ is the estimated parameter for spatial autocorrelation, Pi repre-
sents the average property price attached to the ith lake, and βSedimentation

is the coefficient on sedimentation estimated from OLS, SEM, and SLM
models.

Since sediment loading into each lake is driven by forest cover, we
were then able to estimate the marginal value of the sediment control
functions of forest cover according to the following equation:

MVβix
¼ MWTPi

∂Yix

∂βix
ð9Þ

where βix is percent canopy cover of the xth forest pixel in the ith basin;
Yix is the sediment yield (tons) produced by pixel x as the product of soil
erosionAix(βix) and sediment delivery ratio (0 ≤ SDRix ≤ 1), andMWTPi
is an average marginal willingness-to-pay (willingness-to-accept) for
reducing (increasing) 1 t of sediment loading per lake acre. This gives
the marginal value of a 1% canopy cover variation at each forest pixel
in the ith basin, measured in terms of the marginal variation in the
average market price for the sub-set of properties for which the ith
lake is the nearest water body.

3.3. Data

The database was constructed from multiple sources. First, informa-
tion on residential property prices, parcel ground area, the year of sale,
patio area, and full cash, improved value, and city boundarywere collect-
ed from the Yavapai County Assessor. It is conventional to include other
important structural characteristics such as living square footage, base-
ment area, lot size, and number of bed/bath rooms. However, many
such variables were not available. These were proxied by the ‘full cash
value’ of the feature characteristics of residential properties used by the
Yavapai Assessors Office to estimate tax liability. After cleaning up non-
arms-length transactions and missing data, we ended up with 8301
residential property transactions covering the period 2002–2005. House
prices were deflated to 2002 baseline year using the Arizona House
Price Index from the Federal Reserve Bank of St. Louis (FRED). We also
created 10 spatially fixed city dummy variables to capture within-city
variations in sedimentation impact.

Second, demographic characteristics such as median household in-
come (MHH_Inc), population density (Popdensity), and the number of
people with at least college degree (College_Sqml) were collected
from 2000 Census data. Such measures were aggregated to the census
tract level.

Third, using the sediment yield (tons) produced by pixel x calculated
from sediment delivery approach, we estimated sediment loading into
(acres) (ton/year) (ton/lake acre/year)

Granite Basin Lake 7.36 916.1 124.52
Willow Creek Reservoir 294.45 2438.82 8.28
Watson Lake 151.85 4617.43 30.41
Lynx Lake 49.19 3691.07 80.53
Upper Goldwater Lake 20.69 216.83 10.48



Fig. 1. Properties within 40 min to the nearest lake (created by authors in GIS).
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the lakes by summing up sediment yield across all the pixels in their ba-
sins based on the combination of both 2001 LULC and percent forest
canopy cover maps. Sediment loading was then standardized by lake
area, expressed in tons of sediment yield per acre of lake surface. The
summary statistics of sediment loading into 5 major lakes in Prescott
area is shown in Table 2.

Finally, we weighted household interest in the nearest lake by a
measure of travel time to each lake, by applying a cost distance ap-
proach in ArcGis using a weight raster representing the cost of traveling
through a pixel. The weight raster was obtained by assigning a specific
average speed to each road category class obtained from a road network
map. The weight was calculated by dividing pixel size (30 m) by aver-
age speed (in meters/h), thus obtaining the time necessary to cross a
30 m pixel at that speed. After calculating the travel time to each of
the 5 lakes for every property, we selected a sub-set of propertieswithin
a 40 min7 driving distance to their nearest lake (Fig. 1).

Table 3 shows the summary statistics of selected variables in our
study. The average price of residential properties sold between 2002
and 2005 was $256,765 (in 2002 value), ranging from $100,600 to
$1.5 million. Approximately 65% of property transactions occurred in
city of Prescott or Prescott Valley. The average age of properties was
about 11 years. The average ratio of total land full cash value to sale
price was about 0.62, showing that most of properties were sold at
price higher than assessed full cash value, which is usual in housing
market.
7 The selection of travel distancewas on an ad-hoc basis. We could have selected differ-
ent size of travel distance boundary, however, choosing shorter distance reduce the num-
ber of property transactions significantly.
4. Results and Discussion

The semi-log OLS, SLM, and SEMmodels were estimated. The spatial
models require the construction of spatial weight matrices. The row-
standardized spatial weight matrix was used, in which each row sums
to unity. There is no clear-cut rule for selecting the cut-off distance for
the spatial weight matrix, and a decision must be made on an ad-hoc
basis. However, the size of Lagrange Multiplier statistics (Anselin,
1988a) is frequently used for selection of the approximately best cut-
off distance. The LM statistics peak at around 1800 m for SEM, and
around 500 m for SLM. Hence, 500 m was selected as the threshold
for constructing the spatialweightsmatrix for SLMand 1800 m for SEM.

Table 4 shows the estimated coefficients from theOLS, SLM, and SEM
models. The LM test showed that the null hypothesis of no spatial lag
correlation and no spatial error correlation was rejected, indicating
that the spatial models provided a statistical improvement over the
OLSmodel. The results show that all structural and environmental char-
acteristics had the expected signs across all models although therewere
slight differences in terms of magnitude in coefficients. Consistent
across all models, the coefficients on sediment loadings/lake acre,
which is the variable of themost interest, were negative and statistically
significant, indicating that increasing sedimentation loads in the nearest
lake was a disamenity for nearby residents.We also found that the neg-
ative impact of sedimentation was sensitive to lake size due to dilution
effect. The coefficient on travel timewas negative, showing that proper-
ty values decrease with distance from lakes. The square of travel time
was included to capture the decreasing marginal effect of time. It was
found to be positive and significant, showing that the further away
from the nearest lake, the smaller the effect of an increase in travel
time. We also interacted sediment load with travel time and travel



Table 3
Summary statistics of selected variables (8301 property transactions).

Variable Description Mean Min Max

Structural characteristics
Property prices Deflated property price in

acre (2001)
$256,765 $100,600 $1,524,263

Age The age of property 11.48 0 104
Age2 The square of the age of

property
961.18 0 10,816

Ground_Area The area of ground floor (sq) 1676 341 5167
Patio_Floor The ratio of patio area to

floor area
0.1178 0.0712 0.2874

Land_FCV Land full cash value $30,928 $1000 $350,000
IMP_FCV Improved full cash value $91,199 $0 $665,774
Sale_Ratio The ratio of total land full

case value to sale price
0.6205 0 3.3984

Demographic characteristics
Med_HH_Inc Medium household income

in 2000 (census tract)
$35,419 $24,452 $44,882

Popdensity Number of population/mile2

in 2000 (census tract)
704.42 4.05 2736.9

College_sqml Number of people with at
least college degree in 2000

97.64 0.58 346.86

Lake size Lake size in acre 210.69 7.36 294.45
Sedimentation Ton of sediment loads/lake

acre in the nearest lake
29.08 8.28 124.52

Time Traveling time to the nearest
lake

15.68 1.35 40.54

Time2 Traveling time to the nearest
lake2

341.71 1.82 1643.49

Int_Sed_Time Interaction between Time
and Sedimentation

426.07 14.14 3205.76

Int_Sed_Time2 Interaction between Time2

and Sedimentation
7658.35 19.09 127,621.4

City dummy
Cottonwood 1 if property transacted in

Cottonwood, else 0
0.0830 0 1

Prescott 1 if property transacted in
Prescott, else 0

0.0084 0 1

Sedona 1 if property transacted in
Sedona, else 0

0.0084 0 1

Camp_Verde 1 if property transacted in
Camp Verde, else 0

0.0008 0 1

Cheno_Valley 1 if property transacted in
Cheno Valley, else 0

0.0742 0 1

Clarkdale 1 if property transacted in
Clarkdale, else 0

0.0225 0 1

Dewey 1 if property transacted in
Dewey, else 0

0.0483 0 1

Jerome 1 if property transacted in
Jerome, else 0

0.0008 0 1

Prescott_Valley 1 if property transacted in
Prescott Valley, else 0

0.3459 0 1

Wickenburg 1 if property transacted in
Wickenburg, else 0

0.0008 0 1

Year dummy
(Baseline:
2002)

YR2003 1 if property transacted in 2003,
else 0

0.2419 0 1

YR2004 1 if property transacted in 2004,
else 0

0.2804 0 1

YR2005 1 if property transacted in 2005,
else 0

0.2666 0 1
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time squared to explore whether the impact of sedimentation on prop-
erty value was influenced by travel time to the nearest lake. We found
the coefficients on both interaction terms to be positive and negative
respectively, and statistically significant across all models, indicating
that the disamenity impacts of sedimentation were reduced as travel
time increased. This may also imply that an amenity value adds up to
the scenic value of water quality for lake-front or nearest properties.
Robust LM tests (Anselin et al., 1996; Bera and Yoon, 1993)were per-
formed to identify which form of spatial process was a significant source
of spatial autocorrelation (Sander et al., 2010). We found that both
models were significant in terms of a Robust LM test. However, the mag-
nitude of test statistics was higher for SEM than for SLM, indicating that
spatial autocorrelation in the error term explained the spatial process of
our data better than spatial autocorrelation in the lag of neighboring
property prices. This is an ad-hoc but widely used procedure (Sander
et al., 2010). Therefore, the rest of this paper relies on the results from
SEM.

We then calculated average MWTP (MWTA) for reducing (in-
creasing) 1 t of sedimentation to each lake. First, property-level
MWTP for sediment reduction was calculated as follows:

MWTPij ¼ βsediment þ β int−sed‐timeTimeij þ β int−sed‐time2Time2
ij

� �
P j

ð10Þ

where MWTPij represents willingness to pay for 1 t of sediment reduc-
tion to the ith lake captured by property price j, Pj is themarket transac-
tion value of property j, and Timeij represents travel time fromproperty j
to the ith nearest lake. Then we averaged property-level willingness to
pay by each lake as shown in Table 5. We found that the value of reduc-
ing sedimentation captured in property values was higher for Willow,
Watson and Upper Goldwater Lakes than for Lynx and Granite Basin
Lakes. These 3 lakes are located near the city of Prescott where develop-
ment is more intense, property values are higher, and recreational op-
portunities are more scarce.

We then matched estimated willingness to pay for each lake to a
corresponding lake basin, and estimated the spatial distribution of
the marginal value of sediment control through forest cover. Figs. 2
and 3 show the spatial distribution of current canopy cover and the
spatial distribution of the value of forest cover change — in terms
of the reduced recreational value of the lakes produced by increased
sediment loading — generated by a 10% reduction in current canopy
cover in each forest pixel across all basins. This is a relative percent
reduction associated with the current percent canopy cover of forest
at each pixel (i.e. an initial 80% canopy cover was reduced to 72%).

The value of forest cover change across thewhole study areawas cal-
culated from the following expression:

MVβ ¼
X

i

X
x
MVβix

ð11Þ

and is shown in Table 6. The values in column f) in Table 6 represent the
mean loss to the representative property generated by an increase in
sediment loading associated with a 10% canopy cover reduction at each
forest pixel. This was obtained by multiplying the marginal willingness
to pay for sediment reduction in each lake, column d), by the relative
change in sediment yield from its watershed, column e). Column h)
shows the value of the sediment control effects of forest cover change,
accounting for the total number of properties associated with each lake.
The final column presents our estimate of the average sediment control
value of a pixel-relative 10% change in forest canopy cover in each
basin,which is the loss in aggregate property value divided by the current
forest cover (ha) in each basin, column b). For instance, 85% of Granite
Lake basin consists of forest cover, but if each forest pixel is thinned by
10%, then the resulting increase in sediment delivery decreases the
representative property price near that lake by $861 ($276/t). This aggre-
gates to a total value loss of $1,010,000 for residential properties near
Watson Lake.

The sediment delivery cost of forest canopy cover change was
found to be significantly higher ($969) for the Lynx Lake basin than
for other lake basins. This is due to the combination of high existing
canopy cover in the Lynx Lake basin, steep slopes, the large size of the
watershed relative to lake area, and to the large number of properties
near the lake. At the other extreme, the average sediment delivery



Table 4
Estimated parameter from semi-log OLS, SLM, and SEM (8301 transactions).

Variable OLS SLM (1800 M) SEM (500 M)

Constant 12.1061 (0.0486)⁎⁎⁎ 11.2678 (0.0252)⁎⁎⁎ 12.0509 (0.0376)⁎⁎⁎

Age −0.0024 (0.0003)⁎⁎⁎ −0.0021 (0.0002)⁎⁎⁎ −0.0021 (0.0003)⁎⁎⁎

Age2 2.97e-05 (3.57e-06)⁎⁎⁎ 2.66e-05 (3.62e-06)⁎⁎⁎ 2.27e-05 (3.92e-06)⁎⁎⁎

Ground_Area 1.39e-04 (1.08e-05)⁎⁎⁎ 1.36e-04 (5.22e-06)⁎⁎⁎ 1.47e-04 (4.93e-06)⁎⁎⁎

Patio_Floor −0.6119 (0.1879)⁎⁎⁎ −0.5709 (0.1476)⁎⁎⁎ −0.3206 (0.1432)⁎⁎

Land_FCV 4.83e-06 (2.08e-07)⁎⁎⁎ 4.71e-06 (9.35e-08)⁎⁎⁎ 4.46e-06 (9.77e-08)⁎⁎⁎

IMP_FCV 4.38e-06 (1.23e-07)⁎⁎⁎ 4.36e-06 (3.25e-08)⁎⁎⁎ 4.31e-06 (8.07e-09)⁎⁎⁎

Sale_Ratio −1.0461 (0.0234)⁎⁎⁎ −1.0385 (0.0088)⁎⁎⁎ −1.0191 (0.0065)⁎⁎⁎

Med_HH_Inc 3.54e-06 (5.86e-07)⁎⁎⁎ 3.20e-06 (3.16e-07)⁎⁎⁎ 2.94e-06 (1.99e-07)⁎⁎⁎

Popdensity 1.08e-04 (2.28e-05)⁎⁎⁎ −9.31e-05 (2.18e-05)⁎⁎⁎ −1.35e-04 (3.89e-05)⁎⁎⁎

College_sqml 6.58e-04 (1.64e-04)⁎⁎⁎ 5.95e-04 (1.61e-04)⁎⁎⁎ 8.57e-04 (2.88e-04)⁎⁎⁎

Lake size −1.94e-04 (3.51e-05)⁎⁎⁎ −2.00e-04 (3.94e-05)⁎⁎⁎ −1.59e-04 (7.28e-05)⁎⁎

Sedimentation −0.0025 (2.89e-04)⁎⁎⁎ −0.0023 (3.29e-04)⁎⁎⁎ −0.0025 (6.28e-04)⁎⁎⁎

Time −0.01 (0.0012)⁎⁎⁎ −0.0094 (0.0012)⁎⁎⁎ −0.0092 (0.0021)⁎⁎⁎

Time2 1.69e-04 (3.11e-05)⁎⁎⁎ 1.56e-04 (2.96e-05)⁎⁎⁎ 1.77e-04 (4.70e-05)⁎⁎⁎

Int_Sed_Time 2.23e-04 (0.0003)⁎⁎⁎ 1.99e-04 (3.25e-05)⁎⁎⁎ 2.29e-04 (6.09e-05)⁎⁎⁎

Int_Sed_Time2 −5.30e-06 (6.77e-07)⁎⁎⁎ −4.64e-06 (7.63e-07)⁎⁎⁎ −5.71e-06 (1.45e-06)⁎⁎⁎

City dummy
Cottonwood 0.0436 (0.0163)⁎⁎⁎ 0.0509 (0.0126)⁎⁎⁎ 0.0103 (0.0132)
Prescott −0.0023 (0.0062) −0.0067 (0.0056) −0.0059 (0.0055)
Sedona 0.0259 (0.0218) 0.034 (0.0186)⁎ 0.0068 (0.0182)
Camp_Verde −0.0827 (0.0321)⁎⁎⁎ −0.0784 (0.0491) −0.0689 (0.0449)⁎

Cheno_Valley 0.0143 (0.0079)⁎ 0.0179 (0.0078)⁎⁎ −0.0040 (0.0096)
Clarkdale 0.0814 (0.0159)⁎⁎⁎ 0.0863 (0.0137)⁎⁎⁎ 0.0373 (0.0174)⁎⁎

Dewey 0.0037 (0.0071) 0.0044 (0.0088) −0.0008 (0.0103)
Jerome −0.0216 (0.0288) −0.0119 (0.0496) −0.0063 (0.0467)
Prescott_Valley −0.0197 (0.0058)⁎⁎⁎ −0.0142 (0.0057)⁎⁎ −0.0106 (0.0058)⁎

Wickenburg 0.0317 (0.0503) 0.0298 (0.0486) −0.0165 (0.0439)

Year dummy
YR2003 0.07 (0.0036)⁎⁎⁎ 0.0697 (0.0042)⁎⁎⁎ 0.0806 (0.0039)⁎⁎⁎

YR2004 0.2259 (0.0047)⁎⁎⁎ 0.2269 (0.0042)⁎⁎⁎ 0.2427 (0.0039)⁎⁎⁎

YR2005 0.5905 (0.0073)⁎⁎⁎ 0.5915 (0.0047)⁎⁎⁎ 0.6052 (0.0043)⁎⁎⁎

γ – 0.0679 (0.0017)⁎⁎⁎ –

σ – – 0.577 (4.66e-05)⁎⁎⁎

LMSpatial-Lag – 50.225⁎⁎⁎ –

LMSpatial-Error – – 2447.8⁎⁎⁎

LMRobust-Spatial-Lag – 8.8827⁎⁎⁎ –

LMRobust-Spatial-Error – – 2281.2⁎⁎⁎

Numbers inside the bracket represent standard errors. Bold entries are significant at the 1% level.
⁎ Significant at 10% level.
⁎⁎ Significant at 5% level.
⁎⁎⁎ Significant at 1% level.
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cost of forest canopy cover change was found to be significantly
lower ($105) for Granite Lake than for other lake basins, due to the
low accessibility of the lake and the small number of properties
affected.

5. Conclusions

In this paper, we estimated a component of the value of one of the
most important regulating services provided by forested watersheds:
Table 5
MWTP for unit decrease (1 t) in sedimentation load/lake acre by lake.

Model OLS Spatial lag model
(1800 M)

Spatial error model
(500 M)

Granite Lake
(88 observations)

$142.03
($6.46, $392.73)

$154.06
($31.10, $402.32)

$183.06
($44.85, $466.39)

Willow Creek
(5005 observations)

$192.89
($1.62, $2085.61)

$243.47
($24.37, $3332.43)

$285.36
($36.89, $3940.39)

Watson Lake
(1178 observations)

$256.25
($2.14, $1452.75)

$249.38
($35.97, $1376.31)

$275.82
($46.85, $1477.57)

Lynx Lake
(1883 observations)

$93.71
($1.67, $983.15)

$118.18
($24.13, $933.11)

$145.72
($35.56, $1031.17)

Upper Gold Gate
(147 observations)

$319.34
($5.90, $1134.07)

$305.72
($28.08, $1075.25)

$334.33
($42.81, $1150.71)

Number inside the parenthesis represents minimum and maximumMWTP.
the control of soil erosion and sedimentation. Specifically, we derived
the value of sediment delivery control from an estimate of themarginal
willingness to pay for water quality in the Prescott lakes. Other compo-
nents of the value of sediment delivery control include, for example, the
effect on the capacity of water storage reservoirs. Since these were not
formally considered our estimates should be interpreted as lower
bounds only of the value of sedimentflow regulation provided by forest.
There are also other ecosystem services jointly produced by forests
beyond sediment delivery control, some synergistic with and some
trading-off against sediment delivery control.

As with other forest ecosystem services, there are no direct markets
for sediment delivery control. We nevertheless show how existing
property markets can be used to derive peoples' marginal willingness
to pay for the service. Specifically, we show how the implicit value of
sediment delivery control by forests is not linked to their direct use
in-situ, but instead is an off-site effect of their impact on water quality
downstream — a missing market. To do so, we combined a hedonic
price model and a sediment delivery model, and found that the value
of watershed forest cover affecting water quality in lakes, varied widely
across the space according to a combination of several factors, of which
the current level of canopy cover and the number and value of affected
properties were the most important.

We found that sizematters. Even though the Lynxbasin had the low-
est marginal willingness to pay for avoided sediment loading, the value
of sediment control through forest management (or value of watershed



Fig. 2. Spatial distribution of current (2001) LULC and percent canopy cover across the lakes watersheds.
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forest cover affectingwater quality in lakes)was higher in the Lynx Lake
basin than elsewhere due to the large number of properties affected, the
extent of current forest cover and topographical characteristics of the
watershed. On the other hand, Granite Basin Lake presented the lowest
avoided valueof sediment control due to the small number of properties
Fig. 3. Spatial distribution of the marginal off-site recreational cost generated by a pixel-r
affected by lake quality. Specifically, the value of water quality at each
lake was increasing in both the accessibility of the lake, and the number
of properties affected by the lake.

Methodologically, the approach shows how hydro-ecological
production functions can be combined with the hedonic pricing of
elative 10% reduction in current (2001) forest canopy cover across the lakes' basins.

image of Fig.�2
image of Fig.�3


Table 6
Marginal cost generated by a pixel-relative 10% reduction in current (2001) forest canopy cover across the lake's basins.

Lake
name

a) Percent of
watershed that
is forested

b)
Forest
cover
(ha)

c) Pixel-level
average percent
of watershed
that is forested

d)
MWTP
($/t)

e) Sediment
loading increase
(t/lake acre/year)

f) Mean loss to
representative
property ($)

g) Number of
properties assigned
to nearest lake

h) Total
property value
lossa ($ million)

i) Mean marginal
off-site value
of forestb

($/ha forest)

Granite Basin Lake 85 1064 47 183 6.94 1270 88 0.11 105
Willow Creek Lake 50 3207 43 285 0.46 132 5005 0.66 206
Watson Lake 61 6629 51 276 3.12 861 1178 1.01 153
Lynx Lake 96 4574 70 146 16.12 2354 1883 4.43 969
Upper Goldwater 95 538 75 334 2.68 893 147 0.13 244
All lakes 67 16,012 – – – – 8301 6.34 396

a Total sediment induced loss of lakeside property values after a 10% decline in the forest cover of that lake's drainage basin.
b Total sediment-induced loss of lakeside property values after a 10% decline in the forest cover of that lake's drainage basin, per hectare of forested drainage.
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non-marketed environmental characteristics to derive estimates of
marginal willingness to pay for environmental assets. Our results
do, however, have implications for policy. They are of potentially of
interest to public bodies concerned with the management both of
the water bodies concerned, and of the forest resources of the water-
shed. They may, for example, inform both the implementation and
the further development of the Prescott National Forest Manage-
ment Plan. By revealing the capitalized value of forest services,
they suggest both the form and magnitude of payment mechanisms
by which the private beneficiaries of forest management might se-
cure their interest in the regulating services supplied by forested
watersheds.
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